growth signal^.^"' Importantly, the carboxy-terminal region of the cytoplasmic domain of G-CSF-R is involved in the induction of neutrophilic maturation.'."
The hematopoietin receptors lack intrinsic tyrosine kinase activity but activate cytoplasmic tyrosine Recently, signal transduction pathways that involve activation of Janus tyrosine kinases (Jaks) and signal transducer and activator of transcription (STAT) proteins have been linked to a number of receptor system^,'".'^ including G-CSF-R.'5"7 Jaks associate with the membrane-proximal cytoplasmic region of the hematopoietin receptors and become activated on ligand-induced receptor homodimenzation or heter~dimenzation.'"~~ Jak activation leads to tyrosine phosphorylation of the STAT proteins. Activation of STATs involves phosphorylation of a conserved tyrosine residue just C-terminal of the Src homology 2 (SH2) domain2' Subsequently, STAT proteins form stable homodimem and heterodimers by interactions between the SH2 domain of one STAT protein and the phosphotymsine of another STAT protein before translocation to the nucleus, where they activate target genes by binding to specific regulatory sequencesF2 How specific STAT ever, STAT1 homodimers and STATI-STAT3 heterodimers were predominantly formed after activation of a C-terminal deletion mutant d685, which lacks all four conserved cytoplasmic tyrosine residues, located at positions 704,729,744, and 764. Antiphosphotyrosine immunoblots of STAT3 immunoprecipitates showed that activation of WT G-CSF-R induced phosphorylation of STAT3. In contrast, no phosphorylation of STAT3 was observed after activation of deletion mutant d685. These findings establish that the C-terminal region of G-CSF-R plays a major role in the activation of STAT3. By using tyrosine-to-phenylalanine substitution mutants of G-CSF-R, we further show that tyrosine 704, present in a YXXQ consensus sequence shown t o be essential for STAT3 binding t o gp130, is not exclusively involved in the activation of STAT3 by G-CSF-R. proteins are recruited to the receptor/Jak complex in individual cytokine responses is still unclear.
G-CSF stimulation results in the rapid activation of STATl and STAT3, which leads to formation of STATl and STAT3 homodimeric and heterodimeric complexes.I6 The C-terminal region of the human G-CSF-R contains 4 conserved tyrosine residues, located at positions 704, 729, 744, and 764, that form potential binding sites for the SH2 domains of STATs. To establish the role of the C-terminal region of G-CSF-R in recruitment of STAT proteins, we studied STAT activation by wild type (WT) G-CSF-R, Cterminal deletion mutants and tyrosine-to-phenylalanine substitution mutants. We show that the C-terminal region of G-CSF-R is important for G-CSF-induced activation of STAT3 but not for STATl activation. Tyrosine 704, fitting the YXXQ consensus sequence for STAT3 binding to g~1 3 0 , '~ is also involved in recruitment and activation of STAT3 by G-CSF-R. However, STAT3 activation is not exclusively accomplished via tyrosine 704; it is also accomplished via other domain(s) of the C-terminal region of G-CSF-R that do not fit the YXXQ consensus. 
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G-CSF-R constructs and transfectants.
Human G-CSF-R cDNA was cloned in the eukaryotic expression vector pLNCX." Polymerase chain reaction techniques were used to generate C-terminal deletion mutants d68S (MI) and d71S (DA); tyrosine-to-phenylalanine substitution mutants Y704F, Y729F, Y744F, and Y764F and combined mutant d715Y704F (Fig I) , as described previously."." The IL-3-dependent murine pro-B-cell line BAF3'6 was maintained in RPM1 1640 medium supplemented with 10% fetal calf serum and 10 ng of murine IL-3 per milliliter. Transfection of BAF3 cells was performed by electroporation. G-CSF-R levels and G-CSF response of the BAF3 transfectants used have been described previously and were essentially similar to those of BAF3 cells expressing WT G-
CSF-R.~~.'S
Immunoprecipitation and Western blotting. Preparation of cell lysates, immunoprecipitation, and Western blotting were performed as described.'5 Antibodies used for immunoprecipitation and Westem blotting were anti-STAT3 antibodies (raised against amino acids 626-640 Santa Cruz Biotechnology Inc. Santa Cruz, CA), antiSTATla antibodies (raised against amino acids 716-739; Santa Cruz), and antiphosphotyrosine antibodies 4GI0 (Upstate Biotechnology Inc. Lake Placid, NY).
Preparation of nuclear extracts. Before stimulation, cells were deprived of serum and factor I for 4 hours at 37°C in RPM1 1640 medium. Cells (S X 106/mL) were incubated in RPM1 1640 medium in the presence of human G-CSF (100 ng/mL) or murine IL-3 ( I pgImL) for S to 60 minutes at 37°C or without factors (control). At the different time points, 10 v01 of ice-cold phosphate-buffered saline with 1 mmol/L Na3V04 and S mmol/L NaF were added. Subsequently, cells were spun down and resuspended in ice-cold hypotonic buffer (20 mmol/L HEPES [pH 7.81, 20 mmol/L NaF, 1 mmol/L Na3V04, I mmol/L Na,Pz07, I mmol/L dithiothreitol, I mmol/L EDTA, 1 mmol/L EGTA, 0.2% Nonidet P-40,0. 125 pmol/L okadaic acid, I mmol/L Pefabloc SC, S0 pg/mL aprotinin, S0 pgImL leupeptin, S0 pglmL bacitracin, and S0 &mL iodoacetamide)." Cells were vortexed for 10 seconds, and nuclei were pelleted by centrifugation at IS,OOOg for 30 seconds. Nuclear extracts were prepared by resuspension of the nuclei in high-salt buffer (hypotonic buffer with 420 mmol/L NaCl and 20% glycerol) and extraction of proteins by rocking for 20 minutes at 4°C. Insoluble materials were removed by centrifugation for 20 minutes at 20,OOOg at 4°C.
Electrophoretic mobility shift assay (EMSA). Nuclear extracts of 2 X IOh cells were incubated for 20 minutes at room temperature with 0.2 ng of "P-labeled double-stranded oligonucleotide (S to 10, OOO cpm) and 2 pg of poly(dl-dC) in 20 pL of binding buffer (13 mmol/L HEPES [pH 7.81, 80 mmol/L NaCI, 3 mmol/L NaF, 3 mmol/L NaMoO.,. I mmol/L dithiothreitol, 0.15 mmol/L EDTA, 0.15 mmol/L EGTA, 8% glycerol).'x The oligonucleotide used in this study was m67 (S' CATTTCCCGTAAATC 3'), a high-affinity mutant of the sis-inducible element of the human c-fos gene." The DNA-protein complexes were separated by electrophoresis on S 8 polyacrylamide gels containing S% glycerol in 0.2SX Tris-boratel EDTA electrophoresis buffer (TBE). The gels were dried and subsequently analyzed by autoradiography. For competition analysis. nuclear extracts were preincubated with 500-fold excess of unlabeled double-stranded m67 or Evi-I oligonucleotide (S' CTGGATCC-TCGCTCAA GGCTCAAAGCTGAA'ITCCT 3')3" in binding buffer for 20 minutes at room temperature before the addition of "P-labeled m67. For supershift analysis, nuclear extracts were preincubated for 2 hours on ice with 2 pg of anti-STAT3 (Santa Cruz), anti-STATla (Santa Cruz), or anti-STATlafl antibodies (raised against amino acids 688-710 mapping within the C-terminal sequence common to STATla and STATIO; Santa Cruz) before the addition of "P-labeled m67 probe. Quantification of DNA-protein complexes was performed using the two dimensional Bio-Profil version 4.6 system (Vilber-Lourmat, France). 
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STATl-and/or STAT3-containing DNA-binding complexes.
To investigate whether STAT3 and STATla are tyrosinephosphorylated after G-CSF treatment in BAF3 cells, STAT3 and STATIa immunoprecipitates from unstimulated and G-CSF-stimulated BAF3 cells expressing WT G-CSF-R (BAFMPT) were probed with anti-phosphotyrosine antibodies 4G10. As shown in Fig 2A, tyrosine phosphorylation of STAT3 was induced within 1 minute after G-CSF stimulation, then reached a maximum at 10 minutes, and persisted for at least 60 minutes. STATla was weakly and transiently phosphorylated after G-CSF treatment (Fig 2C) . EMSAs with high-affinity sis-inducible element oligonucleotides
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(m67) showed that, after incubation of BAF/WT cells with G-CSF, formation of three distinct nuclear complexes was induced within 5 minutes (Fig 3A) . Formation of the two slower migrating complexes was more prominent than that of the fastest migrating complex. Although not as intensely, IL-3 also induced formation of three DNA-binding complexes with apparently similar mobility as those of the G-CSF-induced complexes. Binding of the protein complexes to radioactive probe was effectively competed by an excess of unlabeled m67 oligonucleotide, but not by an excess of unrelated Evi-l oligonucleotide, confirming the specificity of the DNA-protein interaction (Fig 4A) . Incubation of nuclear extracts from BAFANT cells with anti-STAT3 antibodies significantly reduced the formation of the two slower migrating complexes, whereas formation of the fastest migrating complex was marginally affected (Fig 4A) . Inhibition of complex formation was calculated by expressing the amount of residual complex remaining after anti-STAT3 incubation as a percentage of the intensity of the complex to which no antibodies were added (Fig 4B) . The two fastest migrating complexes supershifted with anti-STATla antibodies ( Fig  4A) . Moreover, formation of these complexes was completely abolished by anti-STATlap antibodies. Neither anti-STATla nor anti-STATlap antibodies affected the formation of the slowest migrating complex. These findings comply with results obtained with epidermal growth factor and IL-6-R systems and indicate that the slowest migrating complex consists of STAT3 homodimers, the complex with intermediate mobility of STATl-STAT3 heterodimers and the fastest migrating complex of STATl hornodirner~."~'~ The C-terminal region of G-CSF-R is involved in formation of STAT3 homodimers. To investigate a possible involvement of the C-terminal region of G-CSF-R in the formation of STAT complexes, nuclear extracts of BAF3 cells expressing C-terminal deletion mutant d685 (Fig l) were analyzed. As expected, the mobility, amount, and kinetics of the IL-3-induced DNA-binding complexes were unaffected (Fig 3B) . Whereas G-CSF primarily induced formation of STAT3 homodimers and STATI-STAT3 heterodimers in BAFMPT cells, STAT1 -STAT3 heterodimers and STAT1 homodimers were predominantly formed after activation of mutant d685, although some residual STAT3 homodimers were formed (Fig 3B and 4C) . Furthermore, mutant d685 induced STAT3 homodimers significantly later in time as compared with that for WT G-CSF-R.
Tyrosine 704 and other domain(s) of the C-terminal region of G-CSF-R are involved in activation of STAT3. TO determine which of the tyrosine residues located in the C-terminal region of G-CSF-R are involved in tyrosine phosphorylation of STAT3, BAF3 transfectants expressing Cterminal deletion or tyrosine substitution mutants of G-CSF-R (Fig 1) were studied in STAT3 immunoprecipitation assays. G-CSF induced tyrosine phosphorylation of STAT3 in cells expressing WT G-CSF-R or C-terminal deletion mutant d715, which contains tyrosine residue 704 (Fig 5) agreement with this, substitution of tyrosine 704 in mutant d715 (d715-Y704F) abolished its ability to activate STAT3. Substitution mutants Y704F, Y729F, Y744F, and Y764F all induced STAT3 activation, which indicates that tyrosine 704 is not exclusively involved in STAT3 recruitment to G-CSF-R (Fig 5) . The (in)ability of the various deletion and substitution mutants to induce formation of STAT3 homodimers as determined by EMSA was in agreement with the STAT3 immunoprecipitation results. G-CSF induced STAT3 homodimer formation in cells expressing C-terminal deletion mutant d715 and substitution mutant Y704F, whereas formation of STAT3 homodimers was severely reduced after activation of combined mutant d715-Y704F (Fig 6) . As expected, activation of substitution mutants Y729F, Y744F, and Y764F resulted in STAT3 homodimer formation (data not shown).
DISCUSSION
The JaMSTAT signal transduction pathway is activated by a number of hematopoietin receptors. The membraneproximal cytoplasmic regions of G-CSF-R, EPO-R, and other members of the hematopoietin receptor family have been shown to be primarily responsible for the activation of J a k~. '~"~ For some receptors, eg, EPO-R and the pc chain of IL-3-R and granulocyte-macrophage CSF-R, it was shown that Jak proteins physically associate with the membraneproximal region."." In EPO-R, a single conserved tryptophan residue in this region is crucial for binding of Jak2.33 A central question concerns the mechanisms of recruitment of STATs to the receptor/Jak complexes. It has been proposed that Jaks differentially phosphorylate STATs via the involvement of the cytoplasmic domains of the receptor proteins in recruitment of specific STAT proteins. For instance, in the cytoplasmic domain of the interferon-y receptor achain, tyrosine residue 440 is required for STATl phosphorylation and activation, presumably through specific interaction with the SH2 domain of STATl Similarly, STAT3 is activated via interaction with multiple tyrosine residues in the cytoplasmic domain of gp130 and leukemia inhibitory factor receptor,23 and IL-4-induced activation of STAT6 is mediated by tyrosines 578 and 606 of IL-4-R.36
In this study, we established that the membrane-distal cytoplasmic region of G-CSF-R containing four conserved tyrosine residues is involved in the activation of STAT3. In contrast, activation of STATl is independent on this region of G-CSF-R and, thus, is not determined by phosphotyrosine residues of the receptor. Similarly, activation of STATl (or a related molecule) by growth hormone"7 and of STAT5 by granulocyte-macrophage CSF'n does not require tyrosine phosphorylation of the receptor. It has been proposed that Jakl and Jak2 specifically recruit and phosphorylate STATl and STAT5, re~pectively.~~.~' In these cases, it is possible that STATs associate with tyrosine-phosphorylated Jaks through their SH2 domains. Alternatively, additional STAT domains could be involved in recruitment of STATs to the receptor/ Jak complex.
Formation of STATI-STAT3 heterodimeric and of STATl homodimeric complexes was unaffected by deletion of the membrane-distal cytoplasmic region of G-CSF-R, whereas formation of STAT3 homodimers was severely reduced. Recently, it was shown that interferon-a stimulation induces the formation of STATI-STAT3 heterodimeric and STATl homodimeric complexes without STAT3 homodimer formati~n.'"~~* These data could fit into a model in which formation of stable STATI-STAT3 heterodimeric com- plexes occurs via sequential activation in analogy with the proposed mechanism of ISGF3 formation after interferon-a stimulation.4' STAT1 is recruited to the receptor/Jak complex and is subsequently phosphorylated, thereby providing a binding site for the SH2 domain of STAT3. After association of STAT3 with STATI, STAT3 is phosphorylated, followed by stable STATl-STAT3 heterodimer formation and release from the receptor/Jak complex. If a second STAT3 protein associates with the first tyrosine-phosphorylated STAT3 protein before release of the STATI-STAT3 heterodimer, some residual STAT3 homodimeric complexes could be formed, as we indeed observed (Fig 3B) . Although STATl -STAT3 heterodimeric complexes were formed after activation of the C-terminal deletion mutant d685, tyrosine phosphorylation of STAT3 was not detected in anti-phosphotyrosine immunoblots of STAT3 immunoprecipitates. This most likely reflects the lower sensitivity of the immunoprecipitation techniques as compared with that of EMSA.
To investigate whether the conserved cytoplasmic tyrosine residues are involved in the activation of STAT3 by the Cterminal region of G-CSF-R, tyrosine-to-phenylalanine substitution mutants were studied. Tyrosine 704 of G-CSF-R fits the YXXQ consensus sequence for STAT3 bindingz3 and, indeed, appeared to be involved in recruitment of STAT3. STAT3 was initially characterized as the acutephase response factor, because of its association with the IL-6-induced expression of acute-phase genes.u* Identification of tyrosine 704 of G-CSF-R as a STAT3 activation site provides an explanation for the results that a region surrounding tyrosine 704 (amino acids 686-725) is capable of inducing acute-phase plasma protein gene expression when G-CSF-R is expressed in human hepatoma cell lines.'" It is not known whether the SH2 domain of STAT3 directly binds to the YXXQ sequence in receptor proteins or whether STAT3 associates with the receptor via an adapter protein that interacts with the YXXQ sequence. Although tyrosine 704 is the only cytoplasmic tyrosine of G-CSF-R fitting the YXXQ consensus sequence, STAT3 activation was not exclusively mediated via tyrosine 704. This was evident from the observation that all tyrosine-to-phenylalanine substitution mutants of full-length G-CSF-R were capable of inducing STAT3 phosphorylation. Assuming that STAT3 recruitment is regulated by phosphotyrosine-SH2 domain interactions, at least one of the other cytoplasmic tyrosine residues of G-CSF-R not fitting the YXXQ consensus sequence provides a direct or indirect binding site for STAT3. The YXXQ sequence differs from the sequences in STAT3 (YLKT) and STATl (YIKT) that are implicated in mediating homodimerization or heterodimerizati~n.~~.~~~~~ Thus, YXXQ is not the only consensus sequence to which the SH2 domain of STAT3 can bind, suggesting possible involvement of other tyrosines of G-CSF-R in direct binding to STAT3.
Alternatively, phosphotyrosine(s) or other domain(s) of the C-terminal region of G-CSF-R may interact with an adapter protein containing a YXXQ sequence that is phosphorylated after G-CSF stimulation, thereby providing a binding site for the SH2 domain of STAT3.
